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ABSTRACT 


DEFORMATION AND FRACTURE 
OF A METAL MATRIX COMPOSITE 
MODEL SYSTEM 


by 
KENNETH ERICSON FUSCH 


mole Gea GO the Veparltment of Civil Bngineecrine on 17 May 
1968 in partial fulfillment of the requirements for the 
pepreewor Master ol tocrence tin Civil ine ineerine. 


A continuous-fiber metal matrix composite model system 
1S experimentally developed by combining large diameter 
716") stainless steel fibers, or rods, with a matrix of 
meh puraty aluminum, The model system is desipned vo 
mempace Closely witmractual compesrve Systems an ve 
following ways: (1) stress-strain behavior, (2) mode of 
failure, (3) theoretical predictions of strength, and (4) 
Mier ee LODMeN iO! “hive Leno Ile su Vesa @nrOuen iat some at 
meres s Cransier. 


Ee "Cr itaiCal faspect walie, for ne Model !Systen ac 
Petvermined by using the pullout load methods, Both. s=fiber 
op —t aver models ave fa0rl caved spy sa Cravivy cas eine -ee ch 
megue. . Mechanical Testing of *specimens 1s Carricd Gul in 
MetisloOn parallel to ne fiber ax 1s2 


WerornavtoOnrot CMe pure sa lUnNLaUmMenauiel x. ho, Stlaied 
ParOouph direc, mrcronardness measurements Of sSsUrain narden= 
ing. Qualitative analysis of the stress-strain behavior and 
Bae fracture mode is also made; 


Results show that the model systems exceed rule-of- 
fe eels Sl Cee amp red Vey Onc ml Neier ey miele ec aU unl oa se en 
Symereistic Ciifects are present. Microhardness tese resuitrec 
Veriay (ohO Texto lencerot Nieh levels. or Me Tite eieel aureus 
Near Ene ber ends. 


Thesis Supervisor: Risse iG SONG pr dae 
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Pee NT RODUCT ION 


General 


thee developnen uo Ofet tlamenuary smaverrals vita 
meecremely high Strengths and svitinesses has Liven impetus 
ime che prowth of the field of composite materials. SHG GONG 122 
movers Nave been Successiuliy combined witht matrix materials 
oa dissimilar nature to produce new products with superior 
mechanical properties. 

The use of a metallic matrix gives many advantages 
over non-metallic matrices, among these being improved 
Mee Lenperature performance. Ihe plastic .flow character-— 
fscbics Of a metal matrix provide a means for efficient 
Maceo c Pleaser between, fi peroltaliG, a> PeOuCcr Lom Jeune 
Doct sencrvivayy Of che veonposite | i*.. cline abidiyy sor 74 
lieeal Matrix CO Strain Hardem anvroduces svLtil another 
improvement in overall composite performance. Lightweight 
metallic matrices have the added benefit of allowing 
Paoihealtonfor Tb rous CoOmpGsmwees awl bi inion. speci ite 
Sstrengtuhs and stiffnesses. 

Metal, Watrix onpeostles hold .creav.porenui1al 1 or 
PULUre EneIneerins appl vealioOnss Whe aercsoace indusvury 


which places a premium on high strength/lightweight 








2 Numoere Gnipracktete. Velen ta welermonces 4c ed 26 atric 
Cit. Or Tie ener... 
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Meverials has been first to capitalize on the early develop- 
ment of fiber-reinforced metals. 

Curreny research 16 being conducted on two fronts: 
i) the improvement of fabrication techniques, coupled with 
am attempt to understand more fully how fabrication variables 
efiect the final product, and (2) a better understanding of 
mine mechanics, both micro- and macro-—, of composite behavior. 
mm drawbacks are apparent av Unis stage of composive de- 
famopnenty. thevanisouropicinavure-or faprous composives 
muereecs JiMitavmons On structural =applicacvions>, and the wien 
mee Cl Lnese Materials places the product oul of economic 
reach for many applications. Current nen COs vs. MoOwever. 
eee due primarily to the initial research and development 
eurOrts, and Significant. price reductions can be anticipated 
man one future. 

ane Carlier ce velepmeny ol fiber-relnieorecdy plas vices 
Meo OrOvided ta. DOnUs Tor anvestiseavors in tne trield of neva! 
ati xweoniOsttes. Many Vechnicues "Ol experimenuals pesear en 
aed ire evearelimereed UA s ties. 2S. We lise mien Of ine 
Mac ic neorevieal work, can be Wiilaved am tne ~xpanding 
Mecol Malrmise COMpOgtveervesecarcii teinrort. «Howe ver. vic 
ark edily GQiltereny enaraeveris tl 1cs of metallic and non- 
metallic matrices have called for some modifications to the 
PieOmellCale Ole Lure sk. Or Mow ex UeIaiemy a latapomOaeie.s. 


Mien Works In fiber =rein orced plat Gics mas iiVolved tne use 


= 





eee rromringenuy resin Matrices to study the principles or 
meemposive action — a technique which obviously cannot be 
morriead over to metal matrix composites. New approaches 
Mave been devised, however, and many more are in the 
Meroiine Stages. A successful approach to studying the 
merece Celormavion characteristics of ductile metaliiac 
Matrices has involved the measurement of matrix strain 
feraening Lhrough the use of diréct microhardness tech- 


marques. 


Mise Of Model systems 


Sutton [2] has classified studies on fiber-reinforced 
Mmecals into the following two categories: "(1) those 
mealing With the ceretul preparation of model composite 
eyetems to modify or extend existing theories, and (2) 
meose dealing with various metals and “alloys reinforced with 
Mebn Meveltic and eramie Tubers vo Cevelop usetul ene i= 
@eering Maveriais.” In the latter category, numerous in- 
vestigators [3,4,5] have published papers discussing the 
haorbeab lol ana DerhOormlanee Of Speciale Metal Maur. compo— 
Sle Syovems. Although plhese research’ eltforus are inoer 
elaborated upon nerein, it is important to note that the 
aluminum/stainless steel composite discussed by Davis [6] 
serves as a reference point for the model system developed 


ao Sie bed Wn links VeSe ore 21 Lor. 





tiemuscmol Mele lo Maya x COmDOos ive model Ssysvems “has 
ELcOvid@ed wine Dasis Tor much O01 the jpresenvly accepted cvheory 
SmeecompoOslve Sureneth and behavior: ©— Model systems Piewwe: been 
used extensively because (1) better control over fabrication 
variables can be maintained and (2) more success in iso- 
Jating, or separating, experimental parameters can be 
femleved., ouch problens Aas Tiber-alipnment, “inveri aber 
pce ine and eccentricity Ol Voadineg sean "be minimized cr 
evyercome through model. techniques. Stress Goncentratvions 
due to various fiber end geometries in discontinuous-fiber 
composites can be handled more effectively through the use 
eiesingle—tiber model. syatems. The elitects <cf méeévallurpweal 
fPecaeClEGomBeUWNCeCIL Libel ane Malian FesuLiatic Tron various 
Bootle LOM MeOcCases eal, Der SLuumieca am orelver dev) 
through model systems. Burte et al te heave studied 
tic VerrOus Ibe racel ons Hab ecan, CccuUr  sduUring compos tc 
fabrication and/or subsequent elevated temperature exposure 
Rest eto es Ve emo wns en a Nes Meta ko. We COs nk PDO a iia 
Mauer Wweven ce Vecvead yom Vie Odets sole meva Wil UWi pile ele eo ie a ci. 
eravlons .-rotner vical ima teamech amc perl oOridance. 

Another approach with model systems involves the 
SbuGay, Of Ue MLCromecianuces son sipirolis Composite wechay Tor. 
Experimental work by Ebert et al [8] has employed model 
systems of both densely-packed and loosely-packed multi- 


filament composites to develop design criteria for composite 





Cacti nine Works Ol “3ber, considers such problems as the 
effects oo eect Streoses Ole LOeGll erences “anecoe! fi— 
mons, Or Liecrinal wexpansion andwlne occurrence Of “a> trie 
Peolol Stress Stave in BOUn: Taber “anc: matrix Gurine uUniaxie | 
loading. 

Many composite model systems which have been studied 
mo dave Nave oeen: fapricaved with materials thau Nave :oeen 
ee lectcd for reasons of experimental convenience. “Material 
@embinations which have minimal chemical reactions. compat— 
Mere cOCMPIclents Ol Chern leex pans 01. Or -CoCd) ur race 
MetLLing@ Characveristics have often been chosen. Tne result 
Das Deen the development of (model systems. which are non 
pieecbl ee hieonpocives. Alt nNOuUsn theses model, Gyatems save 
eech metic riecilal ai ToOrnlilatine OAs ea COMmpOSsuve eieOry w ule I 
Mates hooky plac tical rou Leiicn tone Ue «2m Gea. 
The materials used in this model study have been chosen in 
ira Pomou iO Iie veil. slide. Gana brome. lb sis -onbucd pa bed 
Hive (Cie *eCatiey oO eT tT rememodel syavem perlLorlance vO aorlad 
COMpUs tLe development will) be enhanced Garoven tne vse or 
an aluminum/stainless steel system. 

eS Cole eae a ie yao fe haa ONG Velie oie eee te age 
metallic matrix represents a new approach to modeling tech- 
niques. The use of small-scale models is not new; structural 
enepiilecrs ave Useq  .tnhas mevnod wor Years Vorrtain jie. 1t 


Pion Lie Serrormiance Ol SClLuahLeelriuebimec., Hiowever. slike 
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use of large-scale models in materials science is a rela- 
muyely"@ew conceptL. Ebert's work involves just such ‘an 

Poe woa1ci cme ll. owe xpecled: Unaun avDetLer: Mmidersvandiie sor tie 
macromechanics of scaled-—up models will shed significant 
Brent on the micromechanics of actual composite systems. 

The metal matrix composite model system of this research 
Peebori is.) a laree diamlever, cCoOnvimuous—-fiberv system... Con 
merous LIDGCrSs.With a diameter rouchiy, one order of marpni-— 
tude larger than the diameter of many commercially available 
moots USC tlt CONDO sI be Lepr realiron sarc lsed If (on Une. ron 
Peet an E€xLremely ductale Mavrix. hien purity aluminum. Al- 
mMrough The Strength properties of the large diameter fibers, 
mer roads. are mucn lower than the ,corresponding values for 
MmupiCal Metvellie fibers Pound=in wractical compesiiles., taeiuse 
of low strength pure aluminum as the matrix maintains good 
eorrelation between fiber properties and matrix properties. 

The object of this work has been twofold: (1) to develop 
use liulescOnuinuous-fiderygmerval mauris composite mede dea) em 
and (2) to study the deformation and fracture characteristics 
of such a model system. The validity of the model system is 
Based ton. tne following criteria: 


(l) stress-strain behavior 
(2) mode of failure 
(3) theoretical predictions of strength 


(4) the development of fiber tensile stress 
PoOrouchetmiat ele esieay Slress (rans: or 
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HouwDena Valraumocel. the system developed must compare 
Nelosely with actual composite systems in each of these 


Cacvesories. 





1S OB asa Gs Ths bons 1a), 


The Pull-Out Load Method 


inMOLder GO Cusure proper CoNnpos Te belWavior ale Lie 
Ceme nuguc-f Moere Models yevems, 1 Was Mececssary mo Gever mine 
Wie wOr leo! Viewer “of 1 terous elm orcenciu., diwess bile. Imai 
Hii. Letom fee Wiel Chiitist “be CMbCddea 1 hmetie =naur i. 
Cal Woew Cicer lemetin oO Tip rous remit oreenems -cauals. OF (ox= 
ceeds this critical leneth will there be sufficient fiber— 
feLreix Inver hacitad arcana VO cause fipers fraclure tareuenm Une 
mechanism of shear stress transfer. Weeton and Signorelli 
bol dwsceuses thesprocess..0of fiber—-matrix, Joad: transter Tor 
bOUn Continuous and discontinuous fibpers,, Thereri tical 
pene tin, Los has “Deen ss 1OWMNreo be 7a. 1 UNeGwLlon.O! 1 uber 
diameter. Davie Uv imave Seeticl Letsrreneen or Loe fiber, 
6,3; and the shear strength of the interfacial bond or the 
SeQcCat Sure vin ot tne Mavrix  T. Whlenever is sess. “iis 


Moto HONS tne eermMemel Be Cripica ll -sepecy rauwen, 

L : 
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yp > ES ea Vem DY 
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2c ie 
D qy 
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Wns wexpresedon Serves as Lhe basis of am “experimencal 


MepntoOGd -On deverminine the crivical aspecl Tray 10... elie 


red Ee 





method is the single-fiber pull-out load test. There are 
C@eritamwn drawbacks, Nowever,;, to the use of the pull-out tesz#.,: 
Since only a portion of the fiber is embedded in the matrix, 
Gemsoile oad Ts applied directly to the Tiber racher coan 
through interfacial shear stresses along the entire fiber 
as as iNOULGuDe Ge Cascr ina aerualveonpostite 109. in 
ad@gdiuion,,vie USexcf a single fiber @docs net take ianve 
account the influence of surrounding fibers [ll]. Regard- 
tess (Or ,bacce JitivartoOns, Une Metnod mas been Weed to | 
Numerous investigators and it appears to be sound at least 
@ualitarively- 

Vie Sol FSO. Best 1s 0aSed. Woon wie COncepe Gilat oa bers 
embedded in a matrix material to depths less than half the 


Cr ilvrea) Venera. >» Will pull-out, whereas fibers em- 


ee 
a 
, Lie 
bedded to depths greater than =o Wa trac ote Sie. 
GicrerliL veal ener te resceblishieases UW rCey tie CepraigaL 
which pull-out ceases to be the mode of failure and fiber 
fracture begins. The use of equation (1) will give an indi- 
cation of the degree of vdonding between fiber and matrix. 
However. this telerionsnip cannot Oe Used co obtain precise 
Valves (Gm aimbertactal or Matrix shear Streneuascue lo ine 
Mew TLOrmMeby Of Lae Sheagmsuress Gistriburion alens tie 
PY Cer Vaxkis. walt=as More realisuic CO assume whats tne Valve 
of tT obtained from equation (1) is an average interfaciai 


a we eee oo 7. - 5 ae 4 : mf poo Pele 
Shear Suress. pie @h) 8 oe Jie et Se Os we Aveo ac. oS cee tage ae Oe 





Pomeseeile con more clearly In Pigure-ly which 1s. @ 
schematic representation of the shear stress distribution 
elon une Taber axis for various Tenetns of fiber embedded 
Mowe mNan ake VNie Duda Upsot filmer tense Suress, 1s6cals0 
moO wceOe mr Lie veocclMpy bolvoltee. linear Lens iie stuvess bua lda— 
im alone the fiber is supported by Kelly and Davies [12]. 

Stainless steel fibers se" diameter) ee embedded in 
muce alumi Viitineat Various Cepltnis. renting trom 2" to almost 
4". ~6Pull-out tests were conducted on an Instron testing 
machine ay @ crosshead raverof 0.1 anches per minute. 
PLUNCeG ena Libers were Msedsiimn ail pull =ouvr specimens. 
bee (2 (Siows = Semple pull—ouy 2seeceimen, prLom Te Tectine. 
TH Leo OT SoeCIMmenoe ihe Wistron eves elite Machine aac 
Come BA Suche Monier auiak GOrmlaAvora a restalit eas so wer eu 
DOM ie Leis OMe lie eS inee Tomo ai Paecume sie sae lor 
of failure load (maximum pull-out load) vs. length/diameter 
Poe FOr tai Lescuws veel mi bers el pure aluminum. 

ives oo paren VOlley jo mOa yam BuCuivers sal ate ie 
PeollustOLl vice Ollrl=CUubsbee De rcan De USSG COsce tar tian ite 
Criemcat acueetu ralio,. APaSTIinive Change Ii hare toe 
was observed at a length/diameter ratio of 36. It is also 
aparece. UlareoioeVvesiilts ror Thc test SbeC Mena ula L 
failed by fiber pull-out (less than half the critical length 
embedded) do not agree with the theoretical expectations ac 


shown by the Gashed line... This theorerical curved. ooeed 
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upon the assumption of a uniform interfacial shear stress 
Gistmmbution along the fiber axis. i1t further assumes that 
ie soeeive cc lCer bei TMS mUiDOnCed <Le uae Mma biemux. » Vnevwdare 
Suetea wen Oe ra lO aC ica view (ina. uneasy, “relacionsmio ii 
beis region. Lhis behavior can be explained by (1) matrix 
strain hardening and (2) high interfacial or matrix shear 
Becooscom@eal tieh tocr ends. 

Biers thers os Ula mepeCnayNOr Ot sulle ae oUie yy aie 
ieatvirx ALS SuCMm iL nate plastic Tlow occurs“at. low levels-1o7 
pureceos. “ASSOCLaLteO With: This pp lasvic st lowes: Gurain 
poardening,. “ASovensale load as applied to the fiber “during 
tre pull-oucg vest. plastic Plow takes place in) the matrix 
Pw Vict ntoy OF wie fiber. Viniswroretis her sO Ystreeor as 
MeOUChG SPO by “ie Water acie | pond. ne i beuwee 1 1ben. and 
MAC Ss oe Matrix LOWS = stiain Wardenineg) preduces on 
LeCrecse Wi weertresistanee to Tiger ould ourt, “las waysed 
a higher maximum pull-out load than would have been recorded 
LETC Moab Covi atte harden OC cirred. Sbvidence To Suppor. 
(iS. oer Weeh OOpa Ineo ns MGOUP I a irec ue MNrCOna renege) Geel 
pagues. "Am increase im Vickers Hardness Number trom 207; 
to e2.9 was found in the pure aluminum matrix adjacent to 
Giese per Cava ly walter pI oul testing. lie. increase 
WaemnOl a5 -lareevar distances ,o1 = PL bet ae Valmet Ciera ric nl. 
Piber diameter away from the cavity. 

The fiber-matrix interaction has been shown to mani- 


Test  1USe FT in nigh valieaseeof Shoar Simgemss Near fiber sence 





[13,14]. These high shear stresses are present even when 

Ene fmger length is less than critical; hence, the resistance 
wo fiber pull-out is freater than would be anticipated if the 
iivertacial or Matrix shear SLreésses were constant alone the 

fmoerT axise (Reiter to Figure 2). 

An additional reason for the high pull-out loads (for 
mie ecasce Nieto (lesa than Walt spnae eric call length is embedded) 
ie OONGing alr the fiber ends. Although this 1s probably 4 
frmorrealse for une Niet loads. 15 TsStinrerestiane Thac 
Kelly and Tyson [15] have noted that "there is an appre- 
Slave iSvress Urano teorred 2eross bie Tiber end fer specimens 


With the end bonded to the matrix." 


Development of Model Design 


thew iat dest oot Ee eeOnyMnuletws—) 1 Der meta | iia ix 
composite system was based upon the experimental determina-— 
wom eet Ihe ecieiie) Codm ape Ceca) LO aiid upon a method of ten- 
sile loading that (1) would assure proper composite stress- 
strain behavior and that (2) would develop the ultimate 
Pee DhCrstPeonet imot | View i ers wulimeOn oO daru em Gia Mea olde tore 
shear stress through the matrix, rather than through any 
iviGeecuwmleie tle Vroce Ol tie Tibers.. 2telreiiar GCrosc— 
section was ultimately selected to aid in model fabrication 
GUrane Macha nine Operatsons, Desisn Ol “Ene circular cree. 


4 + 


section for the 3-fiber and the 5-rihber models used in thie 


a oe 


f. 





study is shown in Figure 4. 

Geet aoe honor conducting Meno ile ves toon vie 
Convinuous-friber models called for the ends of the Lest 
Mece Men sow On Vice ie Swati eomveml hOmade Il oSs- Wied Sex er & 
Meter | testraimine 1Orces jon. tne Spoecimen-ends, 26 Shown 
senemapacally-ian Figure 5A. Two reasons can be cited as 
ise li teaver Tor eabvandontmie such COnVvVentl tonal crags fer 
shoulder grips: (1) the extreme ductility of the pure 
aluminum matrix and (2) the desire to introduce tensile 
mete oces hole bere so Ole ly eitinrous@ Lhe wacL 1m soi eeiear 
SUvese Chanolerecnrouri (tne Matrix ~mmather than. larouch 
arbiticwal Weans. tht. this stage, design of Lhermodel 
system was modified as shown in Figure 5B. (Note the 
arrows which indicate the nature of the tensile loading). 
Inher Ss ie ciel Tenor oCiveCe ne DOliUSs Ol el@Oa0grcuO ll eGaLrreaqev2c 
set at Le to guarantee that adequate tensile stress would 
De it Up with nathe i abers. tO Cause Practure.,, sAceveral 
S-(WeR MOderworWere fapricalen @ecordi ne (loelnt es wac, om. 
puoeealentleenoltlenLestine revealed that this modi tied 
Gesien ei csnGiework properly. 2.6., the mode oOlsfavlure was 
a matrix shear failure with no fiber fracture occurring. 
Photographs of the failure mode of several of these 
improperly designed specimens are shown in Figure 6. 

A further modifieativon in model Gésien was introduces 
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points of load application such that one-half of the 
critical Length Was -OUutLSstde Cl hem losdine pollute as 
PliUstraved im Varpuren sc. This fTainalrmodilveation worked 
satisfactorily and both the 3-fiber and 5-fiber models were 
designed accordingly. Figure / shows the final model 
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TIIl. FABRICATION OF MODEL SYSTEMS 


Selection of Materials 


The model systems used in this research effort have 
been composed of 1/16" diameter stainless steel fibers in 
Bailavrix- of Pure aluminum, The choice of Staiilesaistee! 
pide Uninum form pine Tibers and matrix respectively. was 
based upon two reasons: (1) stainless steel/aluminum compos- 
mees are Currently available commercially; hence a good 
reference exists for making comparisons between actual een 
Mager x sc OMpostee: Dehavyier sand: tae model system behavior, 

(2) low cost and availability of materials. The steps used 
in fabricating a commercial 2024 aluminum/NS355 stainless 
steel (.009 inch diameter fibers) composite are described in 
detail by Sumner [16]. 

The aluminum used as the matrix had a purity of 99.99%. 
Tiesuse ,oOl thas hagh purity aluminum was desirable beecauce 
Cte ohwduerasliity. low Strenathe and @ood vsuron 
harlem IOmeChareaeleriaot 10s. @ENeEChanical Leslie bee veat eared 
ultimate tensile strength of 6600 psi., a yield strength 
(One 7 wotmset) Gt 2900 pel. and? an Gloneation ines worn. 
These values agree closely with published mechanical prop- 
erties for this grade of high purity aluminum [17]. 

The selection of aluminum as the matrix meval seemed 
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id Meio Commercial aonlic@at~ous. vouch. Ccharacterisvics 
mes nO euculle—brittle transition and low load=rate sensi= 
MiVity, coupled with its light weight and low cost, make 
EAlOnieenin) Sac ts LOvs “very acu ract avec ac Metal lie. Marpricec. 

AISI type 304 stainless piee in 1/16" diameter rods 
(fibers) was selected for use in this experimental work. 
Type 304 is an austenitic stainless steel with the following 
approximate chemical composition [18]: 18~20% Cr, 8.0-12.0% 
fee, 0.00%. Ce. he OG, 20% Mn, 0.045% Pees BOn Oa anoe 
ay LCL MoC Madea Wp wOpevUdes: sneludesan WilLimat oc sme Msi ae 
eerenetmesot 27 000s pei 4, yield strenetm 10-2, 201 toe.) son 
Oe 000 Osten and san ellongauwonol 2tef 474. “Lhe =choeves om 
Sa soustwenibe Sbail Lesa soteelOVer van Marrens! lie eoGcimlece 
steel was based upon a higher Plone n eon in the former. The 
ioc sol aeterr ta clot ainiecums lee didnot. Seem ces lr ap te cue 
to the possibility of 885°F embrittlement during the high 
temperature fabrication procedure used in this work. 

Piece mOUNe attemecly BONeU Ieee rs  tSmee erie levee 
Iie tOome ol ete moae | System. olGPDOUgi ts Tals eae Goer 
Meme aienececescauy. “ihe Dieh purenicil Tibperswusecd sin woe 
Metal Matrix COMPOSITES are relatively brittle. Mine ash 
degree of ductility (measured by fiber elongation) was 
necessary to ensure that the fiber volume fraction in the 
continuous—-fiber model systems would exceed both the minimum 
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defined by Broutman and Krock [19] in the following manner: 


omu 7 Smet 
Ve. 5 (Eq. 2) 
e a %, 
Cran 6 Some ar 
ii 
mu 7 nel 
V. = (Eq. 3) 
(oakigie 6% + 6 - (6_)_, 
u mu me! . 
Whee. oe so POUL Can renvie nee ngls lll iouvietesglen |e aed iglais 
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6f = ultimate tensile strength of the 


fA Beme. 
CSE = matrix stress when the fibers are 
iis SUPat ieee Otero Cie Cpe s mle 
Seales 
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composite must exceed Ve if Piper Svurenstnenans ic to 
Cran. 


CCeMroeil cs. 2! LOCwUlGIMaGue ‘Tensile Strencrhs ot etacmeon ve. 


ite, es is to exceed the strength of the strain hardened 


MaGrix alone. Ve must exceed Ve 1, Wess ie eb ieee is 
(ila al 


tice COMpoOslLle 25 to be founc frem the followings mateo, 


MExXLuUres- Pelationship: 


p) (Eq. 4) 
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Iyer wee wOr Hien CucLiJiTy Seeintiess Steel ‘Pipers in Une 
MeGiem Gisvems resures im, toy values of V and 
Mee. 

Ve 2 ~ Because 2ne Wllameve tensile strain of Tie 7ibpers 

Cris 
iS Very aren. tne Sscurecas Imitine Math «eu, toe poi, Ol iter 
reacoulre. 3, Cfly Stiga, ly ess via ener timate cence 
Stress: Of Une matrix. «<Taus the numerators of both equations 


(2) and (3) are quite small, giving rise to negligible values 


of Vp ; and Ve . 
ita gr Ce. 

The limitation imposed by the use of very ductile fibers 
oes) MOR Teaduce, bie Validity of Une-model SyYStemysiem Tucan 
ice wicwitloel Sule come TCOMMeT Clow eCOmDOS 1) LeCSm tea tle c nog 
Cer heya 2 oliilom: The scanning electron MLeCrosraph shown, ia 
Pagure 2e clearly shows a classical cup-and-cone fracture 
Meter Or wenn OTrOols Teriiporcemeniy, To Circunven te rat. 
§Meviletiawer LDinigarion, 2 Marlensivic stainiesscesvec ieee, 
as AISI type 416 (with a fiber elongation of only. 10-30%) 
Meecheebe Employed in a similar model Gesitew. However aa 


NOUfe require That tee model sSsysvem Volumes trace lions. 


somewhat higher in order to exceed V, and Ve : 
Re imine Grin. 
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TRESUWwO Braphicte mold designs used 2:o6r casting were as 
follows: (1) a vertical circular mold for continuous-fiber 
models ana) (2)e horizontal rectancular mold for che pull— 
Out tesn specimens J The Molds. are pietured am Figure 6: 
Crace" Cs. Crap te Was Used tor Det molds. 

Pi Cast anes Were CON Maw ad eeecivaronnenu Wea bile 
Mo bis, ane (We sSratmbeoseotee!l favers-20) room temperature 
Delon vo UNG Antroduderton ol the molven, aluminum-anve aie 
molds.> Ure. slum numeri eou Torn was placed sia, cCrucs ole 
and then heated to its melting point (660°C) in a laboratory 
PUbaaces,, lie moltem aluminum was next Neaved to a Fempererure 
of 1000°C berore pouring. ‘The reasons for this addivional 
heating above the melting point were (1) to ensure molten 
aluminum flow around the fibers in the model systems before 
solidification began and (2) to improve the quality of the 
Puber-Matrix DOnding bY promoting seme metallurgical ince, — 
Ae iO mM 

Preliminary investigations revealed that some surface 
preparation of the 1/16" stainless steel fibers was necessary 
to ensure an acceptable degree of bonding during fabrication. 
BecOorainelyv., wiectol blowin wirec=s ep fiber elec ies eee 
tion was employed to aid in the removal of oxide layers, oil 
amc. preagece i2ims {and olher Uieeiee) COO. 


Ci. -rubb inte wa ta eaete. Cen 
(2) 1 minute asitatten ic oa@pfeerol (methyl algenh™ 


. Phe 
7 = j ; ee ae 4 ; ’ ‘ . ‘ ee ean 9 a 
a0 Ce Ye l sips 4 - = pis : ed 





Woon COnp el Lon 7OL “fiber cleanings (the Suvainless swmec 
fibers were arranged in the appropriate graphite mold and 
the 1000°C molten aluminum was poured into the mold. The 
molten aluminum was then allowed to solidify and to continue 
Tool as in air Ua Une mode l-system castane veacned 00m 
ReMmoerocu oe. Lite re larively sicw cooling mi vie mode! 
SyStem Was DermMmitLed So as to take advantage oi solid svate 
aerrus ton Whalen soccurs, av Nigh VTemperatures dn an@avvemou Go 
mipPove Tiver-matrix bDonding.* “Slow cooling also assured a 
large @rain Size in the matrix as can be seen in Figure 9. 
This large grain size was necessary so that the mean grain 
diameter would be om the same order of magnitude as the Tiber 
Giameter and hence increase the validity of the model system. 
Hoes Pelarionship between aoprcximate matrix erainm size -and 
Pier sOlanerereis/TrOund in Many Commercial composives suc. 
as the aluminum/stainless steel composite used as a reference 
OO LNG 

Aiver thie model composites reached room VCenperaltire oie 


Were, Temoved Irom Vie “raul Le molds in wren ara 2 On wien 


machining. Figure 10 shows a continuous-fiber model and 4 
pull-out test specimen in the as-cast candition. Ali mode) 
Svetciin end pull-out spect 1s Gar c Bae ced So! tae) ee = 
Peiate il iece” [OP Ne Chere oa Ce” Uae bul) ee ewes 4 
Convent: one). Pathe. and 42. nommenta! mi) Line Bee ee 
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a continuous-fiber model. 


iTimceLS Ol Namie allon On Faber Propjert ies 


Rieetrabrvcavion Of melLalemaprix-cCompesiLles often 
involves processes that alter the mechanical properties of 
mie ip rous. Tein Orecncit™, i nisealterat lon “Ot 1iber so rop 
erties may or may not enhance the performance of tne compos- 
ibee. . oSUYCon be) Giscusses Chis problem, Dornmting-our wumaL 
Sonsideravle cares must be exercised during all stages! or 
mavrIecarton.to ensure that fibers are not damaged or 
weakened.  ibrittle iibers such as boron and silica sare quite 
SUSceputilersre 1rhaclLure during such operallions as "cold 
EQ iieromelOl Dress i ne. Pucvile Libers: are lessor one wy. 
fracture during these operations; however all fibrous 
PolMiorecement. 1S Subject to degradation throusgh -combinacions 
GOiUecmemicaIeredcy lon and/or ditiusion. Bxposure Gena. 
temperature environments can change the mechanical properties 
Giw metallic fibers Tnrougsh Lne process of annealing or oy 
Veulous Types Of “CMmbri Ty lemen. . 

ine mevnod used in habricaviang the conlinwous—-iaoe 
aluminum/stainless steel model systems discussed nerein 


involves the castitic of molten aluminum around staintesssstcet 


ect 
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Dig@aeLeMmperarvure environment, @ olot of fiber temperature 
VS. time in the fabrication process was determined as 
SOW Ine wee Nee, eoaetbaim acOUreve Cala orm vine. plo. 
a chromel-alumel thermocouple was placed in the center of a 
graphite mold. This was accomplished by sliding the thermo- 
couple wires into two small holes in a 1/8" hole in the end 
Ol tee Brapirre mole tm such a manwer = nat the chromel- 
elumedy ume e uencsOCCUDLed a position ap the center of toe mole. 
Molten aluminum heated to 1000°C was poured into the mold and 
allowed to solidify and cool around the thermocouple. Temper-= 
Belre oodines were taken.at Specified invlervals ©f cine. 

The primary concern with type 304 stainless steel was 
eo UOsS 0 berChanve in LtS) Mechanical properlics Tarousm ine 
Pe@ceosouel env eAalLine.  AMSLeNI ble STVamniless Slee lsc 
annealed at temperatures between 950°C and 1100°C [18}. 
Since the fiber temperatures dropped delow this annealing 
range almost immediately, it is assumed that negligible 
change in the fiber mechanical properties took place. pie: 
further substantiate this assumpetion, type 304 stainless 
Sucel Tibers werée-Neated-for. 30 minuves -20" temperalures 
ranging from 800°C to 1000°C. The results cof mechanical 
testing of these specimens indicated tnat an average ullimatg 
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Optreal mioroscoey t2ndicarved: thal. twnere was no for= 
MacioumOr “an Anveriacial-vUnird p~hase«around the fivrous 
reinforcement as a résult of the elevated temperature fabri-= 


Cab OnLy Process. 





IV. DEFORMATION AND FRACTURE 


SCress—otrain Behavior 


UMVOrOel te. Study Lie-Werornaulen and fracture 
eaaracrverisulcs of the sdarce fiber Werlal Maurin “composite 
model system, the 3-fiber and 5-fiber models wére subjected 
moreenoi le loadine parallel vo the fiber axis. Loading was 
earried out through the use of an Instron testing machine 
aor a CrOssnicad Teve or -U.] inches per minute. le “1s umpor— 
tant to recall that the manner of loading developed herein 
moles Monailrec: Yensl le stresses Fo, Une Pibers., §1per 
Bec Fersureser2e Generated indirectly taroush whe mechanic 
Ob shear stress Urans err Laroucn. tne Marri x. 

Kelly and Davies [12] postulate that the stress-strain 
behavior of metal matrix composites can be divided into tne 
following four stages: 


Boece di. Beastie cet oOrmarton GF bec wriber 
and matrix 
Seote ih, Paver elasvive, DOL Man rix now 2a ae 


pUage #11... Plastuc Gerormarvion of DoOtn Fiber 
and matrix 


Stage IV. Fiber fracture followed by matrix 
fairies 


this four-stage behavicr is suvported by the perrormancs 
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Unger veonciile worresstor tol Tunes an fe eer--Commee fewer. 


eomposites and stainless steel fiber-abuminum matrix cconpopsz- 
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mon schematically. A theoretical analysis of ideal fiber- 
reinforced composites by MacFadyen and Jones [20] agrees 
With this stress-strain benavior. 

Pract rca a Conus deravt2ons erisins Vit. phe tye war 
Mmoading used ror the 3-fiber and 5-fiber models prohibited 
Em@eacculrate measurement of strain during the loading process. 
Figure 14 shows one end of a model system in a shoulder grip. 
merce er the Cevermanation-ol avstress-SUlrain Curve 1or the 
imedels was not possible: -Load-deformation curves for the 
model systems are shown in Figures 15 and 16. These curves 
maidLieave that four-stage composite behavior does occur for 
mode Mode Syaveis as Ine mendyol suace Ili det ormacaon, how 
tTiber-reinforced composites is marked by fracture of the high- 
Serene fibers. his point 2S snown distinecvly “on the toad— 
deformation curves. Stage I terminates when the matrix 
oases LO behave EGlascically. This point 18S also revealed 
mrenigures: 15 and 16. =The-transition from stage [1 vousvace 
DOS less moO rOneUunCed. DOWever Cows 2S Characrer rs (ieee. 


ie cOUsmcOMOOSLtes reinforced with ductile Tibers: 


Matrix Deformation 


The strain hardening characteristics of the metatiic 


Matrix Dlay arm amipoertan’ role in the overall werformance vor <2 





metalmmatrix composite. Plastic flow of the metal matrix 
serves as tne orimary means ot shear stress transier in 
PLoOrous -COMpOStues and 1Uycan produce considerable strain 
Merieiine. ive telecticCS plese Urenst elon An nen eur ey 
EMU MUM IOCCUrs 2c “Vet LOweleove ls sof Stress. ence sc rain 
Meclciiie Degins earthy Sr tie yoa Lees o Stratis te 161 C~OMpOsu oes 
feaoricated with pure aluminum matrices. A technique for 
eudvane Emie Olasuie. detormavion ei metallic maurices.,. and 
thus the level of stress, has been used by Jones [21]. This 
wecantoue Inve lVestine Celemniingtior Of Che Smoumr-o! straun 
hardening by direct micronardness measurements. This method 
has been used by Parikh [13] to verify the existence of high 
lévels of stress near fiber ends by experimentation with 2 
Since sore vUNCa Leno! POer a Mea ys) 1 Ver Meatbirg 6. 

The experimental procedure used involved the determina- 
UlOM Ole one Vicker 's Hardness Number Tor various Key. l@eerions 
in the model systems. As reference points for microhardness 
testing, the Vicker's Hardness Number was obtained for 
UMeOmpOSl Led pure aluminum 2h DOU an Unstresseq” congue on 
and after tensile failure. The average Hh FOr Lie ume vrescca 


aluminum was 20.7; the average H for the alumiuum, toeded 


i) 
74 
2 


“Vv 
Teepenshom Until fractwre was SO. 4.." These tuo valtice re 
represent the lower and urrer Gayaids of microhardness for 
pure aluminum. Thus, 2 50% imerease in microhardness can be 
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Pracmured condition ; 

After mechanical testing of the model systems had been 
completed, the test specimens were sectioned in such a 
Peni aS oe KDOSe Various Crile cCal 2yeas Tio whiel: mee ros 
Periiess reqgines were FO De Taken. sSeceLtioning co. soecimens 
mas s2ceOnplisohed by a-Spark Erosion CutLiIng pDrecess~Sso as to 
MiiimMiZe any additional plastic deformation of the exposed 
Srhaces as WOuld, OCCUr WIUh “standard: mecnhanieal cuceing 
mreocedcures. All Cutting was done with a Servomet spark cuLter 
Using the finest cutting rate available (no. 7). Specimen 
Suir aces were Nene cleclropolisned wrth a perch lorie vacid 
SolMMuulen, VorremMmove any SuUrrace GWertormaviom Ceused by spar ™ 
SULTUInNe@rana to produce a relatively “smooth Suri ace tor 
making micronardness indentations. 
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A LeltZz microhardness tester was emoloved to make mi cro— 


oc 


hardness indentations. The Vicker's Hardness Number at 
Gesignated locations was determined by making a series of 
PeurwoiamonG Ancentations as shown im Picgure 17, Pinewaverase 
ce Neo AS for the cluster oF Dour Andenva: ons Ws. 
sien rCabion Or te anmoumnly Of Strain hardenims ine 
aluminum matrix at areas of interest. Figure 18 shows the 
apeas on a longitudinal section where microPardness reedings 
were taken. Readings were taken at each of the Followine 
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(1) Immediately 
Ms 





OUGeIde. (Exterior) 
(2) 1/2 fiber diameter away 
(3) 1 fiber diameter away 

ine “results of tne micronardness vesting are shown in 
Figure 19) a0 which A Loy Or Bede e adits. ime Nema 
Palues piotted are for readings vaken adjacency to the fiber 
POP OOo eee lar AAG (exveriGgr sides... ihe high values of He 
in JOCcavtens 4 sand) 2 Ganube: explained om the, basis or 
poo eniiy To one -oOlMhUrOL final Matra Cai lure... A sde@redac 
in hardness in locations 3 and 4 seems soneteuene in view of 
MrCreads ine Glstance Prom yne pOlne OF Matrix failure, “An 
increase in hardness was found in locations 5 and 6. This 
ee Oeleo Oar se aAmounce Of (Dlastic GCeroOrmar lon ae ces Wel 
(ewe le aren eye Lor habe xy Shear est ress Im™ Cia area 
MocCeeo ey rose nerare wollit tole yy er eile (Ss Pes se ties to oe 
to cause fracture. (Refer to Figure 1). Although the hard- 
Ress. vatiNeowiaerreure Io are Silicmel yeni ene. =) On ere ier lane 
Caen ial fOr Che SxUlGrlor Case “DOU CUrves {aoe lene eG 
Several behavior: The discrepancy in hardness Values si. 
Waid Che exp eP 1 mental error ASsSeocl alten awit Meroe 
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Peete. va eS ot SH in the Matrix es @ fue tlon = 4q.-| 


Ve 
dist@ence fram -cne fiber are relatively ConStU@e. “Pnis 2amciy 


Substantiates the work of Jones [21! in wnhiecn he ren %r led hac 
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POgeot et moOre “Information Sa00Ul ToS Wacri x Strain 
Woardcmmmnie “Cvaracuerisurco) at Various “erivical locations: on 
woe CrOSS-SeeUlLon, DOU tne S=fiber and S=-1ider models were 
SeCrloned  pervenci cular Go chert 1.ercaxis eapproximarely mali 
POoowLearatce Deuweer Tie spoliy «O) lOan appl teat lon and ile 
meact res SUierace.” Henin degrees Of -nardnese., ~nNd ice viene 
SupStanvial Slastic cCeformation, was sound across both ~eross— 
Becvions. The only significant trend was somewhat higher 
values of a iy the vicinity Of tae Tibrous, reinrorcenens. 
Hanis rend Gan De eExpiained by a préeater resistance vc local 
wilastic- Tlow during the indentation process due tosthe close 
proximity of the fiber. No conclusive evidence of a tri- 
extol uress COndi tion Or of a ‘hien residual stress Jever 
Wes CSvecred 11 Cather Cross-section. itl appears Thar rioase ic 
plastic deformation (during stage III) in the region between 
points of load application has obscured any meaningful data in 
Wats area. his excessive plastic deformation can be sertrib- 
UgecmlOG Gxcreie Liper duce laby.. ie as suggested Cat. sao 
PUCIPS ts LUdies Terminationvolr Vensile, stress eicer- vom ea. tal 
of stage II deformation would allow more meaningful data to be 


OGUsInee Wi LAs (Cross=Seclvora ll areas 


CeMrosit evr racture 


Tae Principles of compos Le Scll onwrequi re Chavis. 1 


event tensile stress be develctw@@® ir tre fibrous reinforcae. 





wmomcomSemeracuure, (/lnis requirement must: be. Satisi ied 4if 
pict iemalleniatr 1x “COMPOS. be. 1S FO reach its Tuli strensth 
Beucittel. Msecongary kreaquirement 2s-tmay Tiper PTracvure 
S@ould occur prior to failure Cf Toe level le Wager. “faas 
@onditton brings about two benefits: (1) as fibers begin to 
ieme2eullee. oC eneious "oF Droken tibet sou ii revain Chere toornd 
fPe-un une MAavrix, acting as “shore di geon nious eeckerecoenenee 
ego -(2)) arver all. fibers: fracture, the ductile: metal matr.x 
mp ote ao lewClo carey some propOrlionave parr vot .ene dooce. 
hence preventing immediate catastrophic failure of the compos~ 
mee... (ne> 3-11 ber model System and the S—-fiber model sysvem 
@eeveloped Gn this study eadmere tO The two princi oles discuscco 
BOOVe. “This is SubpCrted by the load=dei ormation curves 
shown in Figures 15 and 16. As mentioned previously, the 
aluminum/stainless steel comnosite fabricated by the Harvey 
Engineering Laboratories of Torrance, California served as 
the basis for much of the development of these model systems. 
ieee yc eCiorTe JNceresltineg Go Compare @ Trace ce sue ace 
Mierosraun of The Harvey composite With Similar Microsra ne 
Otsthne model systems. These micrograons are shown Ano ores 
ey 2 Cs 

Ol Dritiary Importance inthe vceve lovment Cr meus =. 
composites are the high values of ultijnate tensile Seren 
which can be achieved. Comvosite rer 


on the basis of rule-of-migiures urediciicns of ultimere 





tensile strength. Kelly [22] svates that such predictions 
are actually a theoretical lower limit for continuous-—fiber 
PConmovosives<« — (his Can pe-> ( Ueviiaed Om the basis of |2.°Tri- 
Belial stale Of SiLress wm the metrix. The nieher modulus 


Fibers will exert 4a restrainine effect on the matrix under 


tie! 


Mega Sak wlOaG., Vnereby (erealvIne etriaxaal Stresses. ne vesiuae 
will be a decrease in matrix deformation and see Ase te aaiae 
increase in the yield strength, ultimate strength, and modulus 
of the matrix [7]. Furthermore, synergistic behavior is 
common in the case of ductile fiber composites where fiber- 
telrax DOonedine serves as a deterent to localized plastic 
maistleaoriiuy,. ors necking 

Miesmeasurved UlLLimave ~wensile strenecuis for the model 
systems were as follows: Me 550 ste Or Lies ee caiose 
icieio hOO Osis, For Uie=S>-Tiber model Predicted Ald Gimage 
Seccheto Values were cevermined Prom the relacionscnip gen 
by equation (4) which gives ultimate strength pales of 
11,300 psi. for the 3-fiber model and 14,400 psi. for the 
S-liber model. it should be noted tnat for the purpose or 


.= 


rule—of-mixtures predictions that the matrix stress when wine 


fibers are strained to their ultimate tensile strain is 
aseumed to equal the ultimate. tensiieyserenetin of the marra.. 


(o_) 


mM 
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zi nc This assumot“on acdears valid since the 
f 
aquctile stainless “steel finemerexnitbmgesuch = larce @rhent c. 


Sloe ay son prior Doss racvlive@. | (5S. 2ie- call Se°Sseeny 2 ine - ae 





MOCewm Swewel SU Leno lis -excee vred1 eed -rule-o -mixlures 
strengths be approximately 9% and 5% for the 3-fiber model 
end Une Je tbe es mogel. Tesveceively. iis yop paren «Dia 
Sie stile elec e 4,6 Wreselt ss DOU Model woyotucen=.. 

Miy Sue lyisHS Ol sue (Sine eeSs zor DOUMeMaLrle serawn 
Pa Cerin end triaxiality Can De Made i? Urverstress, ~rerier 
than engineering stress, vaiues are used at are ultimate 
BUrene Ul CONddit1on Tor the model systems. This aporoacn: is 
Veco oo Me aveemotiice se nsUbUSeanlLial Peduecl TOM ei ereo voce ln. 
ite Pice=m@edelsyacvemns ‘prioreto the: end Of stace vill deforma ion. 
Usa aA esGimarve Of Che actual composite cross-—secrvconal 
arearau tive OO -Ool Tiber fracture, the following daca wean pe 
produced: 
Bad of Stage i UlGimavessvrenee. 


Deformation Conditior. Based 
On Ue sees 


3-FIBER MODEL: 


Composite Stress On 2 5) Geues 16, 300 aae 

Haber Stress dinsyeec610 1 127 ,000 

Mavrax SUress One >= ies Orc 

5-FIBER MODEL: End of Stage I Ultimate Strength 
Del Ormal aon. Condition Bassa 


On Tee ave ese 


Composite Stress oeueOmnorcmee 19,906 vsi. 
Fiber Stress 22 300% Wen eo er 
Matrix Stress (2850= LeynSe 


ny + wy ron Pe a? . ~ < aU ce - ° a + AT a 
we eee a ee DY bi -t ih com ie oe cen, oe canal eo mM Wine (ee | 2 ° 


The above data show a significant increase in the matrix 
stress level at the end of stage I deformation. Values of 
6,225 psi. and 7,450 osi. for the 3-fiber and 5-fiber models, 
mosveCunvelyys 2re Considerably above tne 2.900 ps1, yield 
Seresor tiaty would De expec led ab This oo0int.. “Pais is) indic— 
ative of substantial triaxiality in tne model systems. The 
MitimMave Mavirix Sprese- Levels Tor “ne Models Are Doin hieier 
waam the UMncompesited U.T.S. of 3,750 psi: (true stress) for 
poh Durie ys=aluminums This 1S Turther evidence of vriaxial 
Seress conditions. The larce inerease in matrix stress in 
going from the end of stage I to fracture not only confirms 
triaxiality but aiso shows the effects of considerable 
Mactixestrarm nmardening.) 1t- should? be noted also Unar itne 
MaGrUwsrreoas LOr Ciew >= fiber Model as hienerrtianaw ror st me 
3-fiber model both at the end of stage I and at ultimate 


Stvrenetn yecenditions. This cam De altributed TO ereater= uri 


axial restraint in the 5-fiber model. 
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V. CONCLUSIONS 


The objectives of this research program in the field 
of metal matrix composites have been met. A continuous- 
Piper ANOde: S75 vem Ios Deen developed by omuining. Jarce 
Ce enever Svalmless Svce l= 1bers., Os erOds iu 2a Meyer OT 
Caw puriiy a huminui. “lhe =-—1ibereand F-fibver mode ls=mcer 
the following four criteria for a valid model system: (1) a 
stress-strain behavior which compares closely with actual 
metal matrix composite systems, (2) a mode of failure which 
fo vococanewacrreeah CONpOsive Taira 1.0. slew seGaculiae 
PoOlLloweduby Maurie failures. (€3)\ favorable comparison (ati 
rule-of-mixtures strength predictions, and (4) the generation 
oF ther Srenstle Ss Uress TarOougm pie Meciat sn) Of sie iie sec 
Sess Uraisler Weaunmer Chan Chrous any dlireer a.lebsctea.. ou 
Cilew = Ler or. 

The validity of the large fiber model system has been 
Substantiated through qualitative studies of the stress-strain 
DeWeyLOr snc vie mode or ~ Pasture... othe “charaevertsGi. fc 
State COMPOSITE SLress=Strain behavior -can-be-“CcCle ary secu 
Che voe Osc -deTOrniaevion curve Torr bpoum Model sre lstie. Me. 3s 
OCCU Ss DY Une TPraclLure-ol The Slainless sveel 2 iveran oo 
bY tatlure of (Uney pure va luminum mecvri<s. Tne wWevece ofan 


asta 1oadi ne used Tiny unis WCrkvenGloys Snoul der sree eee 


( 


ey | 


TF Sh we _- ayo ’ = : : - s eee . ee i Bhs A 
aubiy Girecr stress only ta) tne alunite Beomese. fives 


Ce 
(olay 





tensile Stresses are developed solely by the transfer of 
Mieairese hess. scerOss one. li ber-Mavrix Antertactal Trepion. Sac 
is) Slenificantl Co nove thar the aluminum/stainless sveel model 
SVSvelee<ulOl te. Si GerOoLorerG PerloOrmance when is -Conmorm! 7 
found in well-fabricated fiber reinforced metals. The 3-fiber 
Medel ws ye Lem ce XCecded- bradiylonal Trile-cl—-ittxcvUres surenteca 
predictions by approximately 9%, the 5-fiber een Dy She 

Perormacilonm Suudies nave been ’ecarriecoul ikireuch Lhe 
Hse Or Microhardness Techniques Lo measure Strain Nardening 
in the pure aluminum matrix. This work not only served to 
eontirm tne Validity of the model system. Dul-also permitved 
SUuUdy On tae behavior ol Line =mecCallvcematrix wader Wordia7. 
Bay Vs Curing shear Stress transier.  f sienilveane ancreese 
in Vicker's Hardness Number of the aluminum matrix was round 
Meagiwume ends. Gl The Stainless Stecleiitners. Wear an 25 
Gg@te~support Lhe COnGention that Tiber Tensile stress Was 
indeed developed through the mecnanism of shear stress trans— 
Pepin ene Mauri xk, ion -Values Wf Matrix Sitear Str eae 
expected near fiber ends in order to develop tensile stress 
Pamoie fibrous “rei orecement. 

The observation of little change 1m Maver Neves. sa 
asrunecrior- Of (racial® distance from the Libers Cen! tris 2 i 7 
Werle ene WIth Commercially ,avar labile. “Sniell—s272 Mie as 


Caer i eeCOnOs lines Vo Lemon 
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